Transition metal doping is known to increase the photosensitivity to visible light for photocatalytically active ZnO. We report on the electronic structure of nano-crystalline Fe:ZnO, which has recently been shown to be an efficient photocatalyst. The photo-activity of ZnO reduces Fe from 3+ to 2+ in the surface region of the nano-crystalline material. Electronic states corresponding to low-spin Fe 2+ are observed and attributed to crystal field modification at the surface. These states can be important for the photocatalytic sensitivity to visible light due to their deep location in the ZnO bandgap. X-ray absorption and x-ray photoemission spectroscopy suggest that Fe is only homogeneously distributed for concentrations up to 3%. Increased concentrations does not result in a higher concentration of Fe ions in the surface region. This is a crucial factor limiting the photocatalytic functionality of ZnO, where the most efficient doping concentration have been shown to be 2-4% for Fe doping. Using resonant photoemission spectroscopy we determine the location of Fe 3d states with sensitivity to the charge states of the Fe ion even for multi-valent and multi-coordinated Fe.
I. INTRODUCTION
The photo-activity of ZnO is well known and the photocatalytic efficiency of this semiconductor can in some cases exceed that of TiO 2 1-3 , which has been well studied for its photocatalytic properties. ZnO is therefore considered a low cost and environmentally friendly alternative to TiO 2 . Potential applications such as photocatalytic conversion of organic pollutants in water by the production of hydroxyl radicals and the splitting of water into H 2 and O 2 have been proposed. [4] [5] [6] [7] [8] The photo-activity is also demonstrated by the transformation from hydrophobicity to hydrophilicity when these materials are subjected to UV light.
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Applications such as anti-fogging and self-cleaning windows have been realized utilizing this functionality.
Both ZnO and TiO 2 are wide bandgap semiconductors, which require UV light for photocatalysis to occur. However, for high photocatalytic efficiency from sun light, the responsiveness to lower photon energies needs to be developed. Therefore, doping the semiconductors with metal or non-metal atoms as well as mixing them with small bandgap semiconductors have been proposed for increasing the susceptibility to visible light. 14, 15 Several different transition metal dopants (Ni, Co, Mn and Cu) in ZnO have been studied for this purpose.
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Co doping appears to be most efficient and low doping concentrations (< 3%) are generally most effective, an additional thermal diffusion of Co to the surface have been shown to increase the photocatalytic activity. 17, 18 Transition metal doping have also been shown to enhance the photoinduced hydrophilicity in TiO 2 19 , it has been proposed that either an increased amount of oxygen vacancies or an enhanced photocatalytic activity is responsible for this effect. 9, 20 Several ferrite compounds have successfully been applied in visible light when mixed with TiO 2 , where maximum efficiency appears at low ferrite concentrations (1 -3%). to date only been tested in the UV regime. 5, [25] [26] [27] In addition to the previously mentioned TM dopants, Fe doping of ZnO for visible light sensitizing has recently been reported.
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Since catalytic processes effectively occur on surfaces it is important that the characterization methods are not representative of the bulk, which can have a very different chemical and structural composition. For details on the chemistry of ZnO surfaces we refer to a review by Wöll. 31 We present an extensive study of the surface composition and electronic structure of Fe:ZnO by x-ray absorption and x-ray photoelectron spectroscopy.
II. EXPERIMENT
We have studied Fe:ZnO with Fe in the concentration range 1-10% by means of x-ray diffraction (XRD), Raman spectroscopy, transmission electron microscopy (TEM), SQUID magnetometry, x-ray photoemission spectroscopy (XPS) and x-ray absorption spectroscopy (XAS). The XRD, Raman spectroscopy, TEM and SQUID studies will be presented elsewhere, together with the details of the sol-gel synthesis. 32 The Fe:ZnO films were prepared from stoichiometric solutions by repeated spin-coating on Si [100] substrates with a 300 nm native oxide termination. After deposition, the films were annealed in air at 600
minutes. The resulting thickness of the ZnO:Fe fims is about 1 µm. Thin film x-ray diffraction data did not indicate the existence of any secondary phases, but rather a phase pure wurtzite ZnO. However, Raman spectroscopy and TEM show the presence of an amorphous Zn x Fe y O phase. Characterization using scanning electron microscopy revealed that the films are polycrystalline with the grain size continuously decreasing from 25 nm for 1% Fe to 10 nm for 10% Fe.
Here we will focus on the electronic structure obtained by XPS and XAS measurements which were performed at the bending magnet beamline D1011 at the MAX-lab facility in Lund, Sweden. The synchrotron measurements were performed during three different occasions with the same samples. For the first set of measurements the samples were heated to 220
• C before valence band (VB) XPS, Fe 2p XPS and resonantly excited XPS characterizations were performed. For the second round of experiments, the samples were also heated to 220
• C, prior to measuring Fe L 2,3 absorption. During the last round of measurements, O 1s and C 1s XPS were performed before as well as after heating to 220
• C. The heating was performed in-situ for desorbing surface adsorbates.
III. RESULTS AND DISCUSSION
A. Valency of Fe at the surface and in the bulk
The Fe 2p XPS spectra of Fe:ZnO, presented in Fig. 1 , are normalized to the same peak intensity for clarity. The spectra are collected with a photon energy of 1050 eV and are 3 energy calibrated relative to the Zn 3d peak for all Fe concentrations. The energy position of the Zn 3d peak for the 2% sample is calibrated to an Au Fermi edge in electrical contact with the sample. A Fe 2p XPS spectrum of BiFeO 3 obtained using 4 keV photon energy is also included in Fig. 1 spectrum represents the non-reduced part for all Fe concentrations and is considered to be a reasonable fit for the bulk since theoretical modeling of magnetometry data gives excellent agreement to experiments by assuming Fe 3+ in the sample. 39 This assumption is also further strengthened in the following sections.
In Fig. 2 we also show the Fe L 3 absorption after different exposure times to x-rays.
It is clear that the main peak, which represents Fe 3+ , decreases with time while the peak corresponding to Fe 2+ , increases. This suggests that the Fe 3+ is reduced in the presence of x-rays. The inset shows the absorption for 5% Fe obtained with both total electron yield (TEY) and partial electron yield (PEY). The PEY is recorded with a micro channel plate (MCP) detector. PEY is more surface sensitive than TEY and the surface sensitivity is further increased by applying a 300 V retarding voltage which blocks the low energy electron generated deeper in the sample. These measurements were performed after about 12 hours of x-ray exposure, hence the sample had reached a steady state with respect to the effect induced by x-rays before conducting the PEY measurements. These measurements reveal that the Fe 2+ /Fe 3+ ratio is higher closer to the surface than in the bulk. We have also investigated the sensitivity to x-rays at 700 eV and 730 eV, before and after Fe L 3 absorption respectively, by residing at these photon energies between consecutive Fe L 3 measurements. No significant changes in the reduction of Fe was observed between these photon energies. If the photoionization of Fe were directly involved in the reduction process, then a clear difference should be observed since the photoionization cross-section of Fe 2p is a factor 10-100 larger than for any other Fe core-level at this photon energy range.
This suggest that it is likely the x-ray exposure of ZnO which creates oxygen vacancies and reduces the Fe. This is normally difficult to detect since it is not possible to directly measure oxygen vacancies using x-rays and furthermore, Zn almost exclusively exhibits a 2+ oxidation state and can thus not be used for detecting a reduction in ZnO. The creation of oxygen vacancies have been shown to occur in ZnO during UV exposure 40 which makes these results interesting from a photocatalytic perspective.
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Quantifying the fraction of Fe 2+ is not straightforward. Here a simple assumption has been made. The intensity of the pre-edge peak of Fe 3+ , which contributes to the intensity of Fe 2+ , is 1 3 of the main peak (see Fe 3+ (bulk) spectrum in Fig. 2 ) and equally the intensity of Fe 2+ contributing to Fe 3+ is 1 3 of the main peak. 41 The results are presented in Fig. 3 where all the samples show an increase in the amount of Fe 2+ as they are subjected to x-rays (note that the time axis is on a logarithmic scale). Interesting to note is the concentration dependence, where the low Fe concentration samples appear more prone to reducing Fe 3+ upon x-ray exposure. The reduction of the samples is localized to the spot (1 x 2 mm 2 ) where the x-rays are incident. No change in the reduced part of the sample was observed when turning off the x-ray exposure for 60 min. After heating the 2% sample to 400
insensitive to x-ray exposure (dash/rectangles) and there was no difference in absorption between a previously x-ray exposed and non-exposed part of the sample. The sample was then subjected to air after which it showed a similar sensitivity to x-rays as before heating to 400
• C. The fraction of Fe 2+ after heating to 400
• C and subsequent air exposure is connected to a saturation of oxygen vacancies and will be discussed further below.
We have calculated the areas under both the XPS Fe 2p 3/2 and XAS Fe L 3 spectra and plotted the corresponding data in Fig which has a maximum concentration of 3% Fe, we obtain a good fit to the experimental data, see green and red dashed lines. An electron inelastic mean free path of 1 nm was used for fitting the XPS data which was derived from the 'universal curve' of the electron inelastic mean free path 42 . An electron escape depth of 2.5 nm 37 was used for modeling the XAS data, which describes the exponential decay of the XAS intensity I XAS = I 0 ·e(−t/2.5) as a function of the probing depth t. In Fig. 4 edge (2.5 -4.5 eV BE). These states were also observed by Kataoka et al. 37 These spectra were collected with a photon energy of 200 eV but the band gap states are not visible with a photon energy of 700 eV. Lower photon energies gives a higher surface sensitivity which would suggest that the intensity observed in the gap is due to states in the near surface region of the nano-crystals. These states are potentially important for photocatalytic properties and will be discussed further below where we describe the resonant photoemission results.
The states observed between 3 and 4 eV BE also appear to have lower intensity at higher photon energies while states located at higher BE than 4 eV have increased.
We have performed resonant photoemission spectroscopy (RPES), see Fig. 6 is closely related to the absorption probability, it is possible to deduce partial absorption spectra which indicates the Fe L 3 absorption structure for different chemical states of Fe.
The partial absorption spectra in Fig. 6 (left panel) are obtained from the RPES data in 49 The spectra A2 and A3 can be modeled by creating suitable linear combinations of A1 and A4. Two peaks, which can not be distinguished here, at photon energies corresponding to P3 and P4 increase in magnitude in spectra A5 to A8. These are attributed to tetrahedrally and octahedrally coordinated Fe 3+ , respectively.
By choosing a particular photon energy, in the Fe L 3 region, it is possible to isolate different Fe 3d contributions in the VB, as shown in Fig. 7 (left panel) . This figure shows the RPES after integrating over different photon energy regions, which are indicated by arrows in Fig. 7 (right panel) . A valence band spectrum collected at off-resonance (702 eV) has been LS , which apparently gives a significant contribution to spectrum S1 in the energy range ∼ 0.5 − 2.4 eV. However, spectrum S1 also has a contribution from Fe 2+ HS states. By forming the difference between spectra S1 and S2 we subtract the Fe 2+ HS component from S1. This difference is shown at the bottom of Fig. 7 . By considering the difference spectrum, it is now more clear that features attributed to Fe The difference between S1 and S2 is shown in the lower part to make feature B more distinct.
ligand. 49 The S2 spectrum is mainly assigned as being due to Fe
2+
HS configurations giving the spectral feature at energy position C, though a small contribution from Fe 2+ LS is not excluded in this energy range. The resonant photoemission spectrum obtained at the excitation energy corresponding to the main Fe 3+ peak (S3), contains contributions from Fe 2+ and both Fe 3+ coordinations, which results in an broad structureless feature. By subtracting a tetrahedral Fe 3+ component from the partial absorption (not shown) we found that the octahedral and tetrahedral Fe 3+ components are most easily distinguished using photon energies of 711 eV and 713 eV, respectively. Also, at these photon energies the Fe 2+ contribution is relatively small. Spectrum S4, recorded with a photon energy in slight excess of 711 eV where we expect to excite predominantly octahedral Fe 3+ , has most of the intensity at D (∼ 6 eV)
but shows a feature around C as well. Finally, the spectrum S5 must be mainly attributed to tetrahedral Fe 3+ since the cross section is small for the other states at these photon energies. Also here, we find a spectral feature deep in the valence band (E) as well as in the valence band edge (B-C). Similar features have been observed by Thurmer et al. 50 for Fe Water at high BE (533 eV) is approximately the same for all samples. The hydroxide peak at 532.1 eV is higher for the 5% Fe:ZnO sample but reaches similar levels for all samples after x-ray exposure. The ZnO peak at 530.4 eV is higher for the 5% sample due to less surface adsorbed species.
The deconvoluted spectra of O 1s is shown in Fig. 9 for 10% Fe:ZnO, 5% FeZnO and ZnO.
At high binding energy, 533 eV BE, we find O 1s from water with relatively equal intensity between samples, with a small increase after x-ray exposure. The peak at 530.4 eV which is O 2− from the ZnO wurtzite structure becomes more visible as the surface layer of carbon is partly desorbed by x-ray exposure. The total amount of carbon is about 12% lower for the 5% Fe:ZnO sample (not shown) than for the other two samples which can explain why the O 2− peak is more visible for the 5% Fe:ZnO sample. However, after 1 hour of x-ray exposure the average carbon intensity decrease is 20% after which the carbon content is about the same for all samples. The peaks at 532.1 eV and 531.3 eV BE are both in the range of hydroxyl and are likely species bound to different sites at the surface. 8, 16, 51, 52 The weak structure at 529.7 eV BE is not found in the literature, probably since it is difficult to resolve from the main peak at 530.4 eV BE. 16, 52, 53 This peak is only observed for 10% 53 We also observe that the decrease of the OH peaks when exposed to x-rays is larger for the 5%Fe:ZnO sample in accordance with the finding that intermediate doping of transition metal in ZnO can increase the production of hydroxide radicals in photocatalytic processes.
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The O 1s spectra in Fig. 9 were collected without heating the sample to 220
• C since both the carbon and oxygen spectra are insensitive to x-ray exposure after heating. The
Fe spectra are relatively unaffected by the heat treatment which means that the creation of oxygen vacancies is not only induced by the desorption of surface adsorbates.
16
An detailed study of Fe:ZnO for Fe concentrations in the range 1-10 % have been performed by means of x-ray photoemission spectroscopy and x-ray absorption spectroscopy.
The bulk is found to contain mainly Fe 3+ in octahedral and tetrahedral coordination. An amorphous Zn x Fe y O was found with Raman spectroscopy and TEM, whereas XRD suggests a pure ZnO wurtzite structure. We have observed a high sensitivity to x-rays in the surface composition of Fe. Fe 3+ in the near surface region is reduced to Fe 2+ by x-ray exposure.
The reduction appears insensitive to the energy of the x-rays suggesting that the effect is not connected to the photoionization of the Fe atom. We believe the reduction to occur due to the creation of oxygen vacancies. Since the creation of oxygen vacancies have been shown to occur in ZnO during UV exposure 40 , the results obtained here are likely very relevant for photocatalytic properties in ZnO. The reduction is not due to the desorption of any adsorbed molecules since the reduction of Fe prevails even though the C 1s and O 1s XPS are unaffected by x-rays after heat treatment to 220 • C. Since there is no apparent surface preference of Fe 2+ after heating to 400
• C we can conclude that the reduction occurs deeper inside the sample by heat treatment than by x-ray exposure. A model which suggests the reduction to occur down to about 1.4 nm below the surface fits well with the experimental data. We have shown that the solubility of Fe is only about 3 % in this region, which is a likely explanation to the finding that the photocatalytic efficiency peaks at low doping concentrations. We propose that it is only dopant atoms associated to the surface region which have a positive effect on the catalytic properties. Sample preparations methods that can increase the surface concentration of Fe while keeping the concentration low in the bulk can thus give a significant increase of the catalytic efficiency of ZnO. We have also found that an intermediate Fe concentration seems to promote hydroxide adsorbents rather than CO 2 and is more sensitive to x-rays concerning the desorption of hydroxide. This is in contrast to the high Fe concentration sample which is very similar to pure ZnO in these aspects, which could explain why the photocatalytic efficiency decreases for high doping concentrations. which increases the crystal field splitting. These states are formed at the surface and are potentially very important for visible light photocatalytic activity due to their location deep in the VB, which makes it possible to induce electron-hole pairs with visible light.
